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ABSTRACT
The effect of mixing parameters on sodium
carboxymethylcellulose (NaCMC) solutions was studied using three
mixing systems. The first utilized a predominantly shear mixer
(Ross), the second utilized a predominantly flow mixer (Heller), and
the third utilized a combination of the two. It was discovered that the
most effective system was the combination of the two mixers. A wide
range of solutions was examined, with CMC concentrations ranging
from 5 to 21 grams/liter. Salt concentrations were also varied from
solutions with no salt to 2.5M NaCl solutions. Based on this data,
CMC was found to behave as predicted by the Einstein viscosity
equation. The effects of different impellers (Heller mixer), extended
mixing times, the time of addition of salt to the polymer solution, and
autoclaving were also explored.
11
LIST OF FIGURES
PAGE
Figure 1- Structure of Cellulose. 3
Figure 2- Idealized Structure of Cellulose Gum with a
DSofl. 5
Figure 3- Relationship Between Degree ofDisaggregation
and Viscosity. 8
Figure 4- Schematic of Ross Mixer. 1 1
Figure 5a- Schematic of Impeller A. 13
Figure 5b- Schematic of Impeller B. 14
Figure 5c- Schematic of Impeller C. 14
Figure 6- Viscosity (cP) versus Time (days) Over a 45 Day
Period for Representative CMC Solutions 28
Figure 7- Comparison Between Non-Autoclaved Solutions. 31
Figure 8- Comparison Between Autoclaved and Non-
Autoclaved Solutions. 32
Figure 9- Comparison Between all 5g (per L) CMC Solutions. 37
Figure 10- Comparison Between all 7g (per L) CMC Solutions. 38
Figure 1 1- Comparison Between 9g CMC Solutions with 0.0,
0.5, and 2.5M NaCl and a TotalMixing Time
of 1 Hour. 40
Figure 12- Comparsion Between all 12g CMC Solutions. 41
Figure 13- Comparison Between 15g CMC Solutions with 0.0,
0.5, and 2.5M NaCl and a Total Mixing Time of
1 Hour. 43
in
LIST OF FIGURES
PAGE
Figure 14- Comparison Between 21 g CMC Solutions with 0.0,
and 0.5M NaCl with a Total Mixing Time of 1 Hour. 45
Figure 15a- Comparison Between 9g CMC Solutions without
NaCl at 1 Hour, 2 Hour and 4 Hour TotalMixing
Times (Heller Mixer). 48
Figure 15b- Comparison Between 9g CMC Solutions with 0.5
and 2.5M NaCl at 1 Hour, 2 Hour and 4 Hour Total
Mixing Times (HellerMixer). 48
t
Figure 15c- Comprehensive Comparison Between 9g CMC
Solutions at 1 Hour, 2 Hour, and 4 Hour Total
Mixing Times (HellerMixer). 48
Figure 16a- Comparison Between 9g CMC Solutions without
NaCl at 1 Hour, 2 Hour, and 4 Hour Total Mixing
Times (Heller/Ross). 49
Figure 16b- Comparison Between 9g CMC solutions with 0.5
and 2.5M NaCl at 1 Hour, 2 Hour, and 4 Hour Total
Mixing Times (Heller/Ross). 49
Figure 16c- Comprehensive Comparison Between 9g CMC
Solutions at 1 Hour, 2 Hour, and 4 Hour Total
Mixing Times (Heller/Ross). 49
Figure 17a- Comparison Between 15g CMC SolutionsWithout
NaCl withl Hour, 2 Hour, and 4 Hour Total Mixing
Times (HellerMixer). 51
Figure 17b- Comparison Between 15g CMC Solutions with 0.0
and 0.5M NaCl with 1 Hour, 2 Hour, and 4 Hour
Total Mixing Times (HellerMixer). 51
Figure 18a- Comparison Between 15g CMC SolutionsWithout
NaCl with 1 Hour, 2 Hour, and 4 Hour Total Mixing
Times (Heller/Ross). 52
iv
LIST OF FIGURES
PAGE
Figure 18b- Comparison Between 15g CMC Solutions with 0.0
and 0.5M NaCl with 1 Hour, 2 Hour, and 4 Hour
Total Mixing Times (Heller/Ross). 52
Figure 19- Comparison Between 21 g CMC Solutions with 0.0
and 0.5M NaCl with 1 Hour, 2 Hour, and 4 Hour
Total Mixing Times (HellerMixer). 54
Figure 20- Comparison Between 21 g CMC Solutions with 0.0
and 0.5M NaCl with 1 Hour, 2 Hour, and 4 Hour
Total Mixing Times (Heller/Ross). 55
Figure 21a- Comparison Between 21 g CMC Solutions with 0.0
and 0.5M NaCl for Viscosity Measurements Taken
After 4Minutes at 0.5 RPM (Heller Mixer). 58
Figure 21b- Comparison Between 21g CMC Solutions with 0.0
and 0.5M NaCl for Viscosity Measurements Taken
After 4 Minutes at 0.5 RPM, Followed by 4 Minutes
at 5 RPM and 2 More Minutes at 0.5 RPM. (Heller). 58
Figure 21c- Comparison Between 21g CMC Solutions at
Different Viscosity Measuring Conditions (Heller). 58
Figure 22a- Comparison Between 21 g CMC Solutions with 0.0
and 0.5M NaCl for Viscosity Measurements Taken
After 4Minutes at 0.5 RPM (Heller/Ross). 59
Figure 22b- Comparison Between 21 g CMC Solutions with 0.0
and 0.5M NaCl for ViscosityMeasurements Taken
After 4Minutes at 0.5 RPM, Followed by 4Minutes
at 5 RPM and 2 More Minutes at 0.5 RPM
(Heller/Ross). 59
Figure 22c- Comparison Between 21g CMC Solutions at
Different Viscosity Measuring Conditions. 59
LIST OF FIGURES
PAGE
Figure 23- Comparison Between 9g CMC Solutions at 0.0M
NaCl for Impellers B, A, and C (Heller Mixer). 62
Figure 24- Comparison Between 9g CMC Solutions at 0.0M
NaCl for Impellers B, A, and C (Heller/Ross). 63
Figure 25- Comparison Between 9g CMC Solutions for 0.0,
0.5, and 2.5M NaCl for Impellers A and B (Heller). 65
Figure 26- Comparison Between 9g CMC Solutions for 0.0,
0.5, and 2.5M NaCl for Impellers A and B
(Heller/Ross). 66
Figure 27- Comparison Between 15g CMC Solutions for 0.0
and 0.5M NaCl for Impellers A and B (Heller). 68
Figure 28- Comparison Between 15g CMC Solutions for 0.0
and 0.5M NaCl for Impellers A and B (Heller/Ross). 69
Figure 29- Effect ofNaCl Concentration on 9g CMC Solutions
Mixed for 1 Hour with the Heller/Ross Combination. 72
Figure 30- Effect ofNaCl Concentration on 9g CMC Solutions
Mixed for 1 Hour with the Heller/Ross Combination
(0.1-2.5MNaCl). 73
Figure 3 1 - Effect ofTime ofAddition ofNaCl. 76
Figure 32- Reproducibility of 5H0.5 Solutions. 79
Figure 33- Reproducibility of 9H0.0 Solutions. 80
Figure 34- Reproducibility of 9HR2.5 Solutions. 81
Figure 35- Reproducibility of 15HR0.5 Solutions. 83
vi
LIST OF FIGURES
PAGE
Figure 36- Relationship Between Concentration of CMC and
Relative Viscosity for 0.5M NaCl Solutions (Total
Mixing Time of 1 Hour). 85
Figure 37- Relationship Between Concentration of CMC and
Relative Viscosity for 2.5M NaCl Solutions (Total
Mixing Time of 1 Hour). 86
Figure 38- Ideal Curve From the Einstein Viscosity Equation
For O Between 0.75 and 0.95. 88
vn
LIST OF TABLES
PAGE
Table 1 Solution Viscosities for Aqueous NaCl Solutions
at 25C. 17
Table 2 Maximum Viscosity Values at a Given RPM For
the Ultra Low (UL) Adapter. 23
Table 3 Comparison Between Slopes (Viscosity vs. Time)
For Autoclaved and Non-Autoclaved Solutions. 34
vin
ACKNOWLEDGMENTS
I would like to thank the Departments of Chemistry and
Graduate Studies at Rochester Institute ofTechnology and Cytologies,
Inc. for their support of this project.
I would also like to thank my advisor, Dr. Laura Tubbs, for her
encouragement, knowledge, and wisdom. She has proven to be an
invaluable mentor and friend, helping to clear the way when a path
was not always visible.
Many thanks also to Dr. Andreas Langner and to Dr. Michael
Rudy (the ultimate cheerleader) for their wealth of knowledge and
their patience.
Finally, I would like to thank my family, especially my husband
Scott, for their patience and support during the past few years.
ix
TABLE OF CONTENTS
Copyright Release Form i
Abstract ii
List of Figures iii
List ofTables viii
Acknowledgments ix
I. Introduction 1
n. Background and Theory
A. Sodium Carboxymethylcellulose 2
B. Mixing 9
C. Viscosity 12.
HI. Experimental
A. General 20
B. Solutions with Extended Mixing Times 22
C. Time Addition of Salt 24
D. Effects ofAutoclaving 24
E. Correlation ofViscosity Data 24
F. Effect of Solution Relaxation Time on Viscosity 26
G. Naming of Solutions 26
H. Examination and Error Assessment ofRaw Data 27
TV. Results and Discussion
A. Effect ofAutoclaving on CMC Solutions 30
B. Effects ofType ofMixing 36
C. Effect ofMixing Time 47
D. Viscosity Assessment 57
E. Effect of Impellers 61
F. Effect ofNaCl Concentration 7 1
G. Effect ofTime of Salt Addition 75
H. Reproducibility in CMC Solutions 78
I. Trends in Polymer Behavior 84
V. Conclusion 90
Appendix I 94
Appendix II 97
References 101
I. INTRODUCTION
The purpose of this project was to examine the effects of
mixing parameters on the stability of carboxymethylcellulose (CMC)
solutions at varying concentrations of both polymer and NaCl. There
has been an increase in physical data on CMC solutions in the past
decade234? vet very little is known about how external parameters
affect these solutions. Mixing can be crucial in obtaining a stable
solution, by promoting the degree of disaggregation of the polymer.
Some of the mixing parameters examined, included different
mixing systems, different impellers for the mixers, and different
mixing times. Another side interest is the effect of salt
concentration and the time of the addition of any salt to the polymer
solution. In addition to the mixing and salt parameters studied,
solutions have also been studied to assess the optimal viscosity
measuring conditions, as well as the behavior of CMC for a given
series, using the same mixing parameters and salt concentration, as a
function of polymer concentration and relative viscosity.
II. BACKGROUND AND THEORY
A. SODIUM CARBOXYMETHYLCELLULOSE
Since its commercial introduction in 1946 , sodium
carboxymethylcellulose (NaCMC or CMC) has been used in many
applications. It is an excellent thickener, suspending aid, stabilizer,
binder, and film former, making it particularly useful in the food
and pharmaceutical industries. In addition to its attractive chemical
attributes, it is also physiologically inert, meaning it is neither a
primary irritant nor a sensitizing agent.
Derived from natural sources, such as wood pulp and cotton
lint, cellulose is an abundant compound, available in many forms.
Sodium carboxymethylcellulose is a cellulose ether formed by
nucleophilic substitution. Specifically, alkali cellulose is reacted with
sodium monochloroacetate under rigidly controlled conditions. The
resulting product is a linear anionic polymer.
The polymer chain is composed of repeating D-
anhydroglucopyranose units, or anhydroglucose units, linked by P-
1,4-glycosidic bonds (Figure 1). The carboxymethyl groups, the
alcohol groups, and the glycosidic bond are all equitorial with
respect to the mean planes of the ring. The length of the chain is
determined by the number of anhydroglucose units. The number of
these units, n, is the degree of polymerization (DP).
There exist three possible substitution sites on the cellulose
ring: C-2, C-3 and C-6. Experimental data suggests that the
*y _____
substituent distribution is C-2>C-6C-3 . There is also evidence
CH2OH CH2OH
Figure 1 : Structure of Cellulose
that C-2 is the most acidic2, making it a favored site in reactions
involving cellulosic alkoxide ions. Since there are three possible
substitution sites on the ring, the maximum theoretical degree of
substitution (DS) would be 3. In this case, all the hydroxyl
hydrogens would be substituted. While a DS of 3 is possible in
theory, it is very unlikely in practice. Figure 2 illustrates cellulose
gum with a DS of 1 . Since CMC is long chain polymer, solution
characteristics depend on the degree of substitution and the degree
of polymerization. An increase in molecular weight (MW) will
cause an increase in solution viscosity.
For the project at hand, 7HOF NaCMC was chosen. The seven
correlates to DS of 0.7, the H is for high viscosity (average
DP=3,200 and average MW=700,000), the O type provides the
solubility and storage stability in acid media, and F denotes food
grade gum1. The 7HOF was chosen not only for its general
characteristics, but also because it is able to form high viscosity
solutions that are stable in acid media. These qualities, both general
and specific, are crucial when making pharmaceutical formulations
that could be used as drug delivery systems that interact with
mucosal membranes. It is important to note that degrees of
substitution are not exact. A DS of 0.7 in actuality is a DS range of
0.65-0.90. For this experiment, this range was not crucial since the
same lot of CMC was used for all the solutions. As a result, any
variations observed due to varying DS were consistent.
Like many polymers, NaCMC solutions exhibit non-Newtonian
behavior; that is, shear rate is not proportional to stress. Sodium
carboxymethylcellulose exhibits both pseudoplastic and thixotropic
CHgOCHgCOONa
O
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Figure 2: Idealized Structure ofCellulose Gum with a DS of 1
behavior. As a pseudoplastic, cellulose gum experiences time
independent shear thinning; an increase in applied force (shear
stress) results in a decrease in resistance to flow (viscosity). While a
solution is mixing, the apparent viscosity is less than that observed
for the solution at rest. In the case of 7HOF cellulose gum, the
pseudoplastic behavior is a result of long chain molecules orienting
themselves in the direction of flow1. As a solution exhibiting
thixotropic behavior, cellulose gum experiences a time-dependent
viscosity change; at a constant shear rate, the apparent viscosity will
decrease over time. Thixotropic behavior is most common with
cellulose gums having a DS less than 1.0. This is attributed to the
presence of aggregates in the aqueous dispersion .
One of the greatest obstacles in dealing with cellulose solutions
is achieving maximum disaggregation of the polymer. When the
cellulose chain is fully extended, it is like a flat ribbon with hydroxyl
groups protruding laterally . As a result, they are capable of
forming inter- and intra-molecular hydrogen bonds. The surface
consists mostly of hydrogen atoms linked to carbon, making the
surface hydrophobic . The substituted celluloses, like CMC, are not
as sensitive as cellulose, however, there still exists problems in
effective disaggregation. Increasing the degree of substitution of the
CMC, however, makes it more hydrophilic . This can be explained
in part by solvation of the macromolecule.
In general, macromolecules, like CMC, behave similarly to
low molecular weight compounds in solution, that is, secondary
valence forces between the structural units of the polymer chains are
replaced by secondary valence forces between the structural units
and the solvent . The polymer needs to be completely solvated for
it to move freely in solution as a coil. In the case of cellulose, an
individual glucose unit may be solvated, however, the chain will not
break away from the crystallite until most of the glucose units within
the chain.are solvated5. Once this occurs, the macromolecular coil is
free to move about in solution. Dissolution occurs very slowly even
in good solvents.
Like many polymers, CMC behaves differently depending on
the solvent present. Unlike many polymers, however, the order of
addition in CMC solutions also greatly affects solution behavior .
This is most evident in salt solutions. For example, CMC added to a
salt solution will exhibit a much lower solution viscosity than a
corresponding solution in which salt was added to the CMC/water
mixture1. This is due to the solvation of the polymer and the extent
to which disaggregation can occur. It also makes a difference as to
how the CMC is added to the solvent. For example, CMC slowly
added to a vortexing solution will have much better disaggregation
than CMC added to a resting solution or adding the solvent to the
CMC. This again reverts back to the solvation of the molecule; better
mixing facilitates solvation of the individual glucose units, thereby
promoting the chains to leave the crystallite sooner.
It is important to note that viscosity is one of the easiest and
most effective ways of monitoring these solutions. It is also
important to remember that disaggregation is a time-dependent
phenomenon. If complete disaggregation is not achieved during the
mixing process, at some point in time it will exist. Figure 31 gives a
o
u
Degree ofDisaggregation
Figure 3: Relationship Between Degree ofDisaggregation and Viscosity1
Stage 1 Represents the Polymer as a Suspended Ball. Stages
la, lb, and 2a are Intermediate Stages. 2 is the Maximum
Viscosity achieved without Maximum Disaggregation. Stage 3
is the Point ofMaximum Disaggregation.
representation of the effect of degree of disaggregation on solution
viscosity. This curve is for CMC added to a solvent.
Stage 1 represents the polymer as a suspended powder, neither
swelling nor dissolving. Stages la, lb, and 2a are intermediate
stages. Stage 2 represents swelling to a maximum viscosity without
completely dissolving. In this stage, the polymer is still in a ball-like
stage, yet the ball has swelled to its maximum. Stage 3 represents a
point of maximum disaggregation. At this point, the viscosity should
remain constant over time. Stage 3 is also a truer representation of
CMC behavior in water . Strong electrolyte solutions prepared
under the same conditions would most likely be in the stage la- lb
region. The ultimate focus of this research was to examine different
mixing parameters such that stage 3 could be achieved by choosing
the appropriate mixing condition for various CMC and salt
concentrations.
B. MIXING
As mentioned previously, mixing can have a tremendous effect
on the degree of disaggregation of the cellulose gum. For this
reason, this project has looked at several different mixing
parameters. The main focus has been on types of mixers. There are
three predominant mixing types: mill, flow, and shear. While each
of these has its place, for this project, only the effects of flow and
shear mixing have been explored.
The first mixing system examined was a predominantly flow
mixer. This is one of the most common types ofmixers used. Flow
mixers are essentially impeller systems where mixing is achieved as a
result of the impeller rotating in solution. The rotation of the
impeller and the type of impeller used cause axial or radial flow in
the solution. This type of mixing also offers tremendous flexibility
because the impeller can be custom made. There is also greater
flexibility in placement of the impeller in the mixing vessel; it can be
top-placed, either straight or at a prescribed angle, or it can be side-
mounted inside the mixing vessel. For this project, the impeller was
top-placed, centered within the mixing vessel. This was done to
achieve maximum turn-over of the solution.
A mixer that provides predominantly shear has also been used
(Figure 4). The mixer that was used in this research imparts high
shear by using a fine mesh screen, resembling a sieve. A small
stationary impeller is used to create flow in solution, almost
resembling a convection current. The solution is drawn into the
impeller then forced out through the metal screen. The smaller the
holes, the higher the shear stress imparted and therefore, the better
the mixing. The shear mixer used in this research is an in-line
mixer, meaning the shaft is stationary during mixing, minimizing
flow. These mixers are very good for emulsions.
In addition to examining each mixing system individually, a
combination ofmixers was also used. This was to assess the benefits
of a combined mixing process. Also, it is common industrially to
use an impeller system for the initial dispersion process, but to
switch to a high shear mixing system for long-term mixing.
It is important to note that all mixers impart some shear in a
solution. Shear stress is imparted parallel to the plane of study.
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Figure 4: Schematic of Ross Mixer6
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Within the region of an impeller, there will be high shear mixing;
however, the rest of the solution will feel the effects of flow. All the
power a mixer supplies produces shear and flow. This is important
when mixing solutions that are pseudoplastic because the solution can
become "fluidized" around the impeller7. This results in a solution
that has been unevenly mixed. To minimize this effect, it is better to
choose a mixing rate that is just enough to produce effective
turnover within the mixing vessel.
Since shear is present in all mixing systems, impellers and
systems are usually discussed in terms of shear work . The purpose
of this study was not to quantitatively classify the mixing systems
used; however, they can be compared qualitatively. In addition to
using two different mixers, three distinct impellers were used, which
will be referred to as A (Figure 5a), B (Figure 5b), and C (Figure
5c). It is not important to know how much shear work each impeller
imparts, but rather that each imparts a different amount. As a result
of design, impeller A imparts more shear than B, and B more shear
than C. Since each of them contribute different amounts of shear
work at the same speed (RPM), the effects of each on the solutions
can be qualitatively examined.
C. VISCOSITY
The easiest way to assess the effectiveness of mixing and to
determine if a stable solution has been achieved is to measure the
viscosity of a solution. Viscosity is the measure of the internal
friction of a fluid. The friction is apparent when one layer of the
12
Figure 5a: Schematic of Impeller A
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Figure 5b: Schematic of Impeller B
'. *""':
4MMrrt > i
Bottom View
Blade Differential -30
Side View
Figure 5c: Schematic of Impeller C
Hk>mrr\ ,
Side View
14
fluid moves in relation to another layer. Shear stress is the amount
of force required to cause the movement. One can think of a fluid as
a series of layers, which in the presence ofmovement, move relative
to one another. The greater the resistance to flow, the greater the
viscosity. All viscosities are determined by equation 1:
il = (F/S) (1)
Viscosity is equal to shear stress, F, divided by shear rate, S. The
units of the three parameters can vary; however, poise, dynes/cm^,
and sec'l, respectively, are the most common. The determination of
F and S varies depending on which devise is used to measure
viscosity. For low viscosity solutions, one could use a capillary
viscometer. Mechanical viscometers (Brookfield, for example) can
measure a wide range of viscosities and can employ different
geometrical measuring techniques. The most prevalent geometries
are cone and plate, coaxial, and cylindrical.
For this project, a coaxial cylinder was used. In this
arrangement, a cylinder of known geometry is placed within another
cylinder of known geometry. The fluid is between the two
cylinders. The outer cylinder (container) is stationary, but the inner
cylinder (spindle) rotates, providing the necessary flow. The
viscometer converts the resistance to this flow to a viscometer
reading. Shear stress and shear rate are calculated in the following
manner :
F=M/(27rRb2L) (2)
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S=[(2Rc2)/(RC2-Rb2)]co (3)
S is defined as the shear rate at the surface of the spindle (sec-*). Re
is defined as the radius of the container (cm), Rb is the radius of the
spindle (cm), M is the torque input by the instrument (dyne cm), L is
the effective length of the spindle (cm), and co is the angular velocity
of the spindle (rad/sec). The angular velocity can be determined
using (2tt/60)N, where N is equal to spindle RPM. With this
information, the viscosity of any solution can be discussed in terms
of centipoise (cP) or shear stress .
As mentioned previously, CMC solutions exhibit non-
Newtonian behavior when mixing. This means that they will also
exhibit the same behavior when taking viscosity measurements. As a
result, it is important to define under what conditions viscosities
were measured. This includes the temperature of measurement,
spindle RPM, and duration ofmeasurement. Because CMC solutions
are thixotropic, the relaxation time for higher concentration
solutions is different than that for solutions of lower concentrations
(see results section C). That is, solutions of higher concentrations of
CMC require more time in the presence of a given shear rate to
achieve a stable, minimum viscosity.
A major factor affecting observed viscosities is the effect of
the solvent viscosity. In this project, the primary solvent was water;
however, several salt solutions were also made using NaCl. Table 1
illustrates the effect of NaCl on solvent viscosity. For this reason, it
16
Table 1 : Solution Viscosities for NaCl Solutions With Water at 25C
Molarity ofNaCl T|/T|0 Tl
0.001 1.00027* 0.8905
0.005 1.00084* 0.8977
0.01 1.00141* 0.8916
0.05 1.00537* 0.8951
0.1 1.00497* 0.8947
0.2 1.01895* 0.9072
0.3 1.02790* 0.9151
0.4 1.03692* 0.9232
0.5 1.04603* 0.9313
1.0 1.09582 0.9756
1.5 1.15280 1.0263
2.0 1.21860 1.0849
2.5 1.29130 1.1496
The viscosity ofwater ( r\0) at 25 C is given as 0.8903.
* These values were calculated using the following
formula9
ri/Tio = 1 + 0.0062(c)l/2 + 0.0793c + 0.008c2
c corresponds to the concentration ofNaCl
17
is better to discuss viscosities in terms of their relative viscosity
(Equation 4).
tlrel = ti/tio (4)
The relative viscosity is the measured viscosity (t|) of the solution
divided by the viscosity of the solvent (r)0).
Viscosity measurements can also be used to characterize the
behavior of a polymer series, with varying concentration of
polymer. The Einstein equation10(Equation 5), illustrates the
relationship between solution viscosity and concentration of polymer.
il=Tio[(l+0.5O)/(l-O)2] (5)
Again, r\ is the measured viscosity of the solution and T|o is the
viscosity of the solvent. The volume fraction of the polymer spheres
is represented by O. This equation works well if the polymer forms
perfect spheres. A modified form of this equation is more practical,
as illustrated by equation 6 :
iyrio = (l+Ac)/(l-Bc)2 (6)
Now, A and B are fitting constants. If the polymer forms perfect
spheres, A is equal to 0.5 (the coefficient seen in Equation 6). B is a
proportionality constant between the volume fraction of the polymer
and the polymer concentration. The concentration, c, of polymer is
measured in g (of polymer)/mL (of solvent). Both A and B can be
18
determined for a given data series by using a linear form of equation
6.
19
III. EXPERIMENTAL
A. GENERAL
In making the CMC solutions, the same procedure was used for
all solutions in an attempt to keep temperature, addition of CMC,
addition of salt, pH and mixing time (where applicable) constant.
Appendix I gives a complete list of all solutions made. All solutions
were made using 1000 mL of 18M2 water, placed in a 1500 mL
beaker. Regardless of the mixer used, the impeller or shaft, was
placed in the water and the mixer started.
The first mixer was a G. K. Heller mixer, model HST20N. This
mixer is a variable speed flow mixer. The RPMs can be set from 0-
2500. The direction of flow can either be clockwise or counter
clockwise and various impellers can be used. For this project, a
setting of 1500 RPM was used. As mentioned in the theory section
three distinct impellers were used. Appendix I includes this
information for a given solution. The other mixer used was a Ross ME
100L emulsifier/mixer. This is an in-line mixer, primarily used for
emulsions. Fluid moves in the clockwise direction only. While there
is no impeller to change, the screen surrounding the stator head can be
changed, providing various degrees of shear. The speed of the mixer
is qualitative, with a scale ranging from 0 (no movement) to 10. For
this project, the mixer was set for a range between 2 and 3. Also, the
fine emulsions screen (maximum shear) was the only one used.
Once agitation began, the CMC was sprinkled into the water.
Aqualon 7HOF CMC lot# 65955 was the only CMC used in this
20
research. A timer was started when all the CMC had been sprinkled
into the solution (this added 5 minutes, at most, to the overall mixing
time). After mixing for 30 minutes, any NaCl (VWR NaCl lot#
35018512) used was added, without stopping the mixing process. For
solutions that were mixed using the Heller mixer followed by the Ross
mixer, mixing was stopped after half the allotted mixing time as was
the timer. The beaker with the solution was then transferred to the
Ross mixer where mixing and timing were resumed and, for solutions
with a one hour total mixing time, the salt was added.
With twenty minutes left in the mixing process, the pH of the
solution was adjusted using 0.1 M HC1 and/or 0.1 M NaOH to reach a
final pH of 6.85 +/- 0.03. The pH was monitored using a Fisher
Scientific
Accumet
1003 handheld pH/mv/ion meter. The acid or
base was added in microliter quantities and the volume used was
recorded. The initial pH and the final adjusted pH were also recorded.
All solutions were mixed at ambient temperature which was between
21 and 26 degrees Celsius, depending on the time of year. As a side
interest, the final temperature of some solutions were recorded.
Appendix JJ has a complete list of the above physical data for all the
solutions made. Solutions are referred to by the weight of CMC per
liter. For example, 5g refers to 5g of CMC per liter of 18 M Q
distilled water.
Once mixing was complete, 20 mL aliquots of the 5g, 7g, 9g,
and 12g solutions were placed in 40 clean, 30 mL scintillation vials.
For the 15g, 18g, and 21 g solutions, 25 mL aliquots were used. The
rack of vials was then autoclaved, within 24 hours of making the
solution, for 20 minutes under standard conditions for liquids ( jacket
21
pressure: 15 psi; chamber pressure: 15 psi; temperature: 250 F).
Two autoclaves were available for use, the Market Forge Sterilmatic
and the Castle Thermatic 60. The operating conditions were the same,
regardless of autoclave used. After autoclaving, the solutions were
allowed to cool to room temperature. Once at room temperature, the
vials were tightly sealed.
Viscosity measurements were then made on each sample
approximately every three days, examining the solution over a span of
45 days. All viscosity measurements were taken using a Brookfield
Digital Viscometer, model RVTDV-II, with the Ultra Low (UL)
adapter. The UL adapter was chosen for its ease of use and its
acceptable viscosity ranges (Table 2). For the viscosity
measurements, vials for the solutions to be studied on a given day
were placed in a 25C water bath and allowed to equilibrate for a
minimum of two hours. Once equilibrated, 16 mL of the solution was
placed in the clean, UL adapter. The viscosity of the solution at the
four minute mark was recorded. The UL adapter was then rinsed with
moderately warm tap water, followed by distilled water at room
temperature. The apparatus was dried with Kim-Wipes and another
sample was measured. To minimize the effect of temperature and
human error, the samples for a given day were measured in random
order.
B. SOLUTIONS WITH EXTENDED MIXING TIMES
The majority of the solutions made had a total mixing time of
one hour. Two series of solutions had mixing times of two hours and
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Table 2: Maximum Viscosity Values at a Given RPM for the Ultra
Low adapter
RPM MAXIMUM VISCOSITY
0.5 12,800
1.0 6600
2.5 2560
5.0 1280
10.0 640
20.0 320
50.0 128
100.0 64
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four hours. For these solutions, the general procedure is the same.
Even with the extended mixing time, any NaCl added to the solutions
was added after the solution had been mixing for 30 minutes. If two
mixers were used in the mixing process, mixing was stopped half way
through the entire mixing process and the solution was moved from
one mixer to the other.
C. TIME ADDITION OF SALT
One series of solutions had a total mixing time of four hours,
but had salt added at various times in the mixing process. The
purpose of this series was to examine the effects, if any, on the time of
salt addition to the solution. All these solutions had 9g of CMC and
used the Heller mixer exclusively. The series has solutions which
contain no NaCl, and NaCl added after 30 minutes, 1 hour, 2 hours,
and 3 hours. All other aspects of the general procedure are the same,
i.e. autoclaving and viscosity measurements.
D. EFFECTS OF AUTOCLAVING
Four solutions were made that were not autoclaved.
Corresponding solutions to these were also made that were
autoclaved. The non-autoclaved solutions were kept in a refrigerator
at 36F. For viscosity measurements, the solutions were placed in the
water bath and allowed to equilibrate.
E. CORRELATION OF VISCOSITY DATA
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An effort was made to measure all solutions with like
concentrations of CMC at the same RPM on the viscometer. There
are some intrinsic limitations to the viscometer that help to determine
the optimal RPM for a given solution. If the solution viscosity at a
given RPM is greater than the maximum allowed (Table 2) then it is
necessary to use a lower RPM. This error is evident on the machine
by EEE being present on the digital display. If the solution viscosity
is too low for a given RPM, the low light on the display is lit. For an
RPM that is too low, the viscometer still produces a reading, however
its accuracy is greatly diminished. Some of the 9g CMC solutions and
some of the 15g CMC solutions had viscosity readings taken at an
RPM higher than the rest of the solutions within the same
concentration grouping.
To correlate the data so that all the 9g CMC solutions would be
discussed at the same RPM value, the following procedure was
followed. Three samples of a given solution to be measured at a
given RPM were placed in the 25C water bath. This was repeated
for each desired RPM. If two RPMs were of interest, six samples of a
given solution were placed in the water bath. The viscosity
measurements were made at the desired RPM. The data points at the
higher RPM were averaged as were the data points at the lower RPM.
A ratio between the higher average and the lower average was then
obtained. The correlation measurements for a given solution were
done on the same day. Once the ratio had been determined for the
necessary solutions, an average was taken of all the ratios. The
average ratio was then used to convert the higher RPM values to the
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lower RPM values. The average 9g 50RPM/20RPM was 0.9346 and
the average 15g 10RPM/5RPM was 0.7921.
F. EFFECT OF SOLUTION RELAXATION ON VISCOSITY
The viscosity of the 21 g CMC solutions was assessed in two
different fashions. These solutions were monitored like the others,
with viscosity measurements recorded at the 4 minute mark at 0.5
RPM. In addition, five samples of each solution were monitored an
the same day with viscosity measurements recorded at both the 4 and
10 minute mark. The viscometer was set to 0.5 RPM with a reading
taken at the 4 minute mark. The RPMs were then adjusted to 5 and
the viscosity monitored for 4 minutes more. After the last four
minutes, the viscometer was set at 0.5 RPM again, and the final
reading was taken after 2 minutes.
G. NAMING OF SOLUTIONS
All the solutions were named or coded in a specific manner.
The mass of CMC per liter (in grams) used is listed first, followed by
the type of mixing employed (R=Ross mixer; H=Heller mixer, and
HR= Heller mixer followed by Ross mixer), with the concentration of
NaCl, in moles per liter, listed last. Impeller B was the most
commonly used impeller, therefore it is implied in the notation. If
impeller A was used, a prime (') appears after the mixer type (e.g.
9H'0.5) and if impeller C was used a double prime (") appears (e.g.
9H"0.0).
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The majority of the solutions had a total mixing time of one
hour, therefore, it is not noted in the shorthand. Mixing times of
greater than one hour are noted by having a dash and the length of
mixing (in hours) after the salt concentration (e.g.l5HR2.5-4). The
non-autoclaved solutions have an NA appear after the salt
concentration (e.g.9H0.5NA).
Most of the solutions also had salt added after 30 minutes of
mixing time, regardless of how long the mixing time was. There are a
few exceptions, however, and the time of the salt addition is noted in
parenthesis after the mixing time notation. For example, salt added
after 1 hour in a total mixing time of 4 hours would be denoted as:
9H0.5-4(1).
Appendix I lists the mass of CMC used, the concentration of
NaCl, the mixing system, total mixing time, type of impeller, time of
salt addition, and the shorthand used for all the solutions made.
H. EXAMINATION AND ERROR ASSESSMENT OF RAW
DATA
As previously mentioned, viscosity measurements were made
approximately every three days over a span of 45 days. Figure 6
illustrates the relationship between measured viscosity (rj) versus
time, in days. Representative solutions for various comparisons are
present, including comparisons between autoclaved and non-
autoclaved solutions, reproducibility in solutions, time of salt addition,
concentration of NaCl used, type of mixing, and mixing time. These
solutions are reasonably stable over the range of time examined,
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exhibiting some fluctuations that are more likely a function of external
factors, like temperature, than solution instability. Unstable solutions
would exhibit larger daily fluctuations and over the desired time frame
would exhibit larger slopes, either positive or negative, than what was
observed.
The data presented in the results section is represented as an
average relative viscosity value plus or minus the 95% confidence
interval for the data range. To attain the average relative value, all the
data collected over the 45 day time frame was averaged and the on-i
value was determined. These two values, the average and the standard
deviation, were then divided by the viscosity of the solvent as defined
in Table 1 . If the data needed to be correlated from one reading
measured using a given viscometer RPM to another (experimental
section E), this was done after the relative viscosities and standard
deviations were calculated. The standard deviations were then used to
determine the 95% confidence intervals. The error was reported as the
95% confidence limits to take into account the fact that the number of
samples measured varied from 5 to 15 for the different solutions. The
solutions that had fewer samples measured within the first 45 days
were examined over a longer period of time. At the end of the longer
time frame, up to 1 year, the solutions still exhibited the same stability
as in the first 45 days.
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IV. RESULTS AND DISCUSSION
A. EFFECT OF AUTOCLAVING ON CMC SOLUTIONS
As mentioned previously, the focus of this research was to
examine the effects of mixing parameters on various CMC solutions.
In particular, we were interested in seeing if mixing affected the
stability of these solutions. Cellulose gum, however, is susceptible to
microbial attack if left untreated. As a result it was necessary to
autoclave the solutions to ensure adequate shelf life at room
temperature.
Autoclaving also assisted in furthering equilibrium within the
solution as well by increasing the degree of disagreggation. It was
necessary to be certain that the only effect autoclaving had was the
increase in the degree of disagreggation (Figure 3). Prior studies
supported this in part . Figure 7 is a comparison between the four
non-autoclaved solutions that were examined. As expected, the
solution without salt exhibits the highest average relative viscosity.
Also as expected, the three solutions containing salt all have average
viscosities close to one another. The highest salt concentration, 2.5M,
is slightly lower than the others, but the confidence limit overlap is
sufficient such that it is essentially like the two solutions with 0.5M
NaCl.
A comparison between the non-autoclaved solutions and their
autoclaved counterparts is shown in figure 8. Amongst the autoclaved
solutions, the solution without salt again exhibits the highest average
relative viscosity. The same trend for the other solutions is true as
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Figure 7: Comparison Between Non-Autoclaved Solutions
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Figure 8: Comparison Between Autoclaved and Non-Autoclaved Solutions
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well. As a result, the only difference between the autoclaved and the
non-autoclaved solutions is the average relative viscosity is lower for
the autoclaved solutions.
This data is only valid, however, to discuss the relative trends
between solutions in a given series. It is necessary to compare the
entire data set for a non-autoclaved solution to the full data set of its
autoclaved counterpart. Table 3 gives a complete list of the slopes of
the solutions when relative viscosities were plotted against time, in
days. For the solutions with 0.5M NaCl, there was very little
difference in the slopes between the autoclaved and non-autoclaved
solutions in a given pair of solutions. Any difference that is present, is
accountable by the error. The pair of solutions with no salt also
exhibited slopes that were very similar to each other, however, there
was no error overlap between the solutions. This is due to the fact that
some of the data points for the non-autoclaved solution were
appreciably higher than the rest of the data set; however, CMC
solutions can experience rises in their viscosities over time so these
data points could not be omitted. The pair of solutions with 2.5M
NaCl, while exhibiting negative slopes, did not have slopes that were
similar to each other. The negative slopes imply that the solution is
not fully equilibrated after the allotted mixing time, particularly in the
non autoclaved solution. The autoclaved solution essentially has a
slope of zero if one takes into account the error associated with the
slope. This behavior could be a function of the high concentration of
salt in solution.
Overall, autoclaving does not appear to mask the effects of
mixing. There also appears to be no polymer degradation as a result of
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Table 3: Comparison Between Slopes for Autoclaved andNon Autoclaved
Solutions
SOLUTION SLOPE WITH ERROR
9H0.0-NA 0.5+/- 0.1
9H0.0 0.26 +/- 0.09
9H0.5-NA 0.4 +/- 0.4
9H0.5 0.19+/- 0.04
9HR0.5-NA -0.09 +/- 0.09
9HR0.5 0.03+/- 0.09
9HR2.5-NA -0.26 +/- 0.09
9HR2.5 -0.02 +/- 0.05
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autoclaving. It serves as a driving force towards equilibrium via an
increase in the degree of disaggregation. It also aids in the preserving
of the solutions.
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B. EFFECTS OF TYPE OF MIXING
The main focus of this project was to examine the effects of
different mixing types on CMC solutions. Primarily, examining if the
type of mixer used could help promote more stable solutions. It is
easiest to examine this data in groups based on the concentration of
CMC. All of the solutions in this section have a total mixing time of 1
hour and all of them were autoclaved. The mixers used were the
Heller mixer (predominantly flow mixer), Ross mixer (shear mixing)
and both in combination.
Figure 9 is a comparison between all 5g CMC solutions. This
concentration of CMC is fairly low and one would expect that
solutions with similar salt concentrations would behave in similar
ways. For the 0.5M solutions, the Heller mixer had the highest
average relative viscosity with the Heller/Ross system had the lowest.
The average viscosity from the Ross was similar to the Heller/Ross at
0.5M NaCl. For the 2.5M solutions, the Heller again had the highest,
but the Ross had the lowest. Even though the Heller had the highest
observed average viscosity, the viscosity for the Heller/Ross was very
similar. As expected regardless of mixing system, the 2.5M salt
solutions exhibit a lower average relative viscosity than their 0.5M
counterparts.
Figure 10 is a comparison between the 7g CMC solutions. The
Heller mixer again exhibited the highest average viscosity for 0.5M
NaCl, with the Ross mixer producing the lowest. There is no overlap
of confidence intervals between the Ross and the Heller; however, the
Heller/Ross combination has a fairly large confidence interval making
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Figure 9: Comparison Between all 5g CMC Solutions
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it difficult to determine if the results are more like the Heller or the
Ross. For the 2.5M solutions, the Heller/Ross system produced the
largest viscosity with the Ross again having the lowest. With the
2.5M solutions, there is very little difference between mixing type and
there is only 5 cP separating the highest average relative viscosity
from the lowest. Again, the relative behavior of the salt for a given
mixing system is as expected.
The 9g CMC solutions are compared in Figure 11. In the
absence of salt, the Ross mixer produced the highest average viscosity
with the Heller/Ross producing the lowest. For both of the salt
systems, the reverse is true; the Ross had the lowest viscosity and the
Heller/Ross had the highest. For the solutions with and without salt,
the Heller mixer and the Heller/Ross combination produce results that
are almost identical.
For the 12g CMC solutions (Figure 12), very similar results
were also seen. The Heller mixer produced the highest average
viscosity value at 0.5M NaCl with the Heller/Ross combination
producing the lowest. Comparing the error associated with each
average, however, shows that all three solutions are almost the same
regardless of mixer. For the 2.5M NaCl solutions, dramatic results
were observed. Once again, the Heller produced the highest average
relative viscosity value and the Ross produced the lowest, with almost
100 cP difference between them. The Heller/Ross results are also
much lower than those for the Heller.
The main reason for the discrepancy in the Ross data is most
likely due to the inability of the -Ross to adequately disperse the
polymer. At a concentration of 12g of CMC, after mixing it was
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Figure 11: Comparison Between 9g CMC Solutions with 0.0, 0.5, and 2.5M NaCl
and a Total Mixing Time of 1 Hour
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Figure 12: Comparison Between all 12g CMC Solutions
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observed that some of the polymer had
"clumped" inside the stator
head. The full effect of this was not known until the data between the
others mixers was complete. The high value for the Heller at 2.5M
NaCl is most likely due to "dead zones"in the mixing vessel. Within
the mixing vessel, there are areas that are more stagnant than others.
In these areas, it takes a much longer time for the effects of the
impeller to be felt than for the area surrounding the impeller. This
does not completely explain the data, but it could be a contributing
factor in discrepancies
For the 15g solutions (Figure 13) similar results were observed,
but not nearly as drastic. Solutions without salt were made for the
Heller and the Heller/Ross combination. These were made after the
initial salt series and as a result of the clumping of CMC using just the
Ross, a solution without salt was not made for this mixer. Between
the solutions without salt, the Heller Ross has the higher average
relative viscosity; however, it is not very different from the Heller.
For the solutions with 0.5M NaCl the Heller again exhibits the highest
average viscosity with the Ross exhibiting the lowest. Considering
the problems observed with the 12g solutions, it is difficult to say if
the Ross has the lowest viscosity because of effective mixing or
because all the polymer is not in solution. In the 2.5M NaCl
solutions, the Ross has the highest viscosity with the Heller/Ross
having the lowest. The Heller is again very similar to the Heller/Ross.
The most interesting result of the 15g data is the Ross 2.5M
solution has a higher average viscosity than the 0.5M solution. This is
not observed for the other two mixing systems and it is not the
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Figure 13: Comparison Between 15g CMC Soutions with 0.0, 0.5, and 2.5M Nacl
and a Total Mixing Time of 1 Hour
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expected result. It is most likely due to not all of the polymer being in
solution in the 0.5M solution.
For the 21 g CMC solutions (Figure 14), only the Heller and
Heller/Ross mixing systems were used. Also, no 2.5M NaCl solutions
were made because of the difficulty of getting that amount of salt into
solution under the mixing conditions specified. The two 21 g
solutions without salt behaved very similarly and due to large standard
deviations, it is impossible to tell them apart. The 21 g solution with
0.5M NaCl using the Heller/Ross mixer is drastically (3000 cP) lower
than its Heller counterpart. All of the 21 g solutions have standard
deviations that represent 19% of the mean. This implies that the
solutions have not reached equilibrium after 1 hour of mixing. The
next step would be to extend the total mixing time. This is the focus
of results section C.
In conclusion, it appears that for low CMC concentrations, the
Ross mixer is adequate to reach solution stability, but at CMC
concentrations greater than 9g/L, the mixer is insufficient to promote
adequate dispersion of the polymer. Without adequate dispersion,
there is no way that a maximum degree of disaggregation can be
achieved. The Heller mixer was very consistent in its results. While
it produced the highest average viscosity in the majority of the
solutions, the viscosities were only slightly higher than those for the
Heller/Ross combination. If one takes into account the relative error
associated with the reproducibility of the solutions (results section H),
then both of the mixing systems examined exhibited similar behavior.
Visual assessment of the mixing systems used showed that the Heller
is excellent for dispersing the polymer, but it seems to lag behind in
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Figure 14: Comparison Between 21g CMC Solutions with 0.0 and 0.5M NaCl
and a Total Mixing Time of 1 Hour
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the long-term because of "dead zones"in the mixing vessel. If using
an ideal impeller, there should be no stagnant areas in the mixing
vessel. The effects of impellers are discussed more in results section
E. The best mixing system overall was the Heller/Ross combination.
In the majority of the solutions it produced the lowest average
viscosity. This system provides the best of both mixers: it has the
dispersion quality of the Heller with the high shear ability of the Ross.
The high shear ability seems to be particularly important in the
solutions with higher salt concentrations.
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C. EFFECT OFMIXING TIME
After examining the results of the initial mixing type data, we
felt it was necessary to examine the effects ofmixing time. This was
largely due to the standard deviation observed in the viscosity
measurements of the 21 g CMC solutions. Our first instinct was that 1
hour ofmixing was insufficient to reach solution stability. As a result,
9g, 15g, and 21g solutions were examined at extended times of 2 and
4 hours at a 0.5M salt concentration. Only a 9g solution at 2.5M NaCl
was examined because the trend in the salt solutions was very
consistent (that is, the 0.5M solutions were constantly more viscous
than the 2.5M solutions) and the addition of salt needed to make a
2.5M solution was very difficult in the 21 g solutions because of
"dead zones"in the mixing vessel. Only the Heller mixer and the
Heller/Ross combination were used. As mentioned in section B, the
Ross mixer proved to be very ineffective as dispersing the polymer in
the 15g and 21 g solutions.
Figure 15a represents the data for the 9g solutions with no salt
at the various mixing times for the Heller mixer. Figure 15b is the
comparison between the 9g solutions with 0.5 and 2.5M NaCl for the
Heller mixer. Figure 15c is the composite of Figures 15a and 15b.
Figures 16a, b, c are the same comparisons as with Figure 15 but for
the Heller/Ross combination.
The 9g no salt solutions exhibit an increase in viscosity with an
increase in mixing time (Figures 15a and 16a). For the Heller mixer,
this rise is not drastic and all three of the solutions are within each
other's confidence interval. For the Heller/Ross combination (Figure
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Figure 15a: Comparison Between 9g CMC Solutions without NaCl at
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Figure 16a; Comparison Between 9g CMC Solutions without NaCl
at 1 Hour, 2 Hour, and 4 Hour Total Mixng Tunes (Heller/Ross)
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16a), the rise is prominent and the solution mixed for 1 hour is
different than the solution mixed for four hours. That is, there is no
overlap of their confidence intervals. The 2 hour solution lies in the
middle of the two. Examination of the salt solutions (Figures 15b and
16b) yielded results that were closer to what was expected.
The Heller 0.5M solutions behaved almost the same regardless
ofmixing time. The Heller 2.5M solutions exhibited a slight decrease
in viscosity with an increase in mixing time. This implies, that for
low salt concentrations, the Heller is adequate to achieve uniform
solutions after 1 hour of mixing. It would appear, however, that with
2.5M NaCl, extended mixing times are necessary to achieve well
mixed solutions. The Heller/Ross solutions at 0.5M NaCl also
behaved similar to one another regardless of mixing time. For the
Heller/Ross 2.5M solutions, the 1 hour solution had the highest
viscosity with the 2 hour solution having the lowest. The confidence
intervals of the solutions do not overlap, but there is a small difference
between the highest average viscosity and the lowest. There is also
very little difference between the two mixing systems. Their data are
very similar to each other. Overall, the increased time for the 9g
solutions is irrelevant and equilibrium has been reached after 1 hour of
mixing.
Interesting results were observed in the 15g solutions (Figures
17 and 18). Once again the overall trends between mixers is almost
identical and the average relative viscosity for a solution mixed using
the Heller is almost the same as the solution mixed using the
Heller/Ross combination. Although, the Heller solutions without salt
are lower than their Heller/Ross counterparts. The most interesting
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Figure 17a: Comparison Between 15g CMC Solutions Without NaCl
with 1 Hour, 2 Hour, and 4 Hour Mixing Times (Heller Mixer)
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Figure 17b: Comparison Between 15g CMC solutions with 0.0 and
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Figure 18a; Comparison Between 15g CMC Solutions WithoutNaCl
with 1 Hour, 2 Hour, and 4 HourMixing Times (Heller/Ross)
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result is that the solutions, without (Figures 17a and 18a) and with salt
(Figures 17b and 18b), with a total mixing time of 2 hours, exhibit the
lowest average relative viscosities. This is observed in both mixing
systems. One would expect that an increase in mixing time would
either result in a decrease in viscosity or no change in viscosity,
especially for the solutions without salt.
For the 2 hour solutions with salt, the viscosity depression could
be interpreted as a salt effect in which a new dynamic exists in the
solution as a result of the addition of salt. If this were true, then one
should not observe the same behavior in the solutions without salt.
Since this behavior was observed for both mixing systems regardless
of salt concentration, one is led to believe that the depression could be
a result of the behavior of the polymer in solution. This anomaly
could also be a function of the relative error in the reproducibility of
the solutions (results section H). For the Heller/Ross solutions, the
error in reproducing the 15g solutions in 7.76%.
In the 21 g solutions (Figures 19 and 20), there are no
predominant trends except the effect of salt on the solutions. As
observed in the 1 hour solutions, the solutions with total mixing times
of 2 and 4 hours have large standard deviations associated with the
viscosity measurements (see results section B), making it difficult to
assess if solutions are behaving in similar fashions or if they are
unique.
In lower concentration CMC solutions, it would appear that
mixing times greater than one hour have little effect on solution
behavior. While this experiment was performed on a laboratory scale,
it implies industrially that, as long as a minimum mixing time is
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Figure 19: Comparison Between 21g CMC Solutions with 0.0 and
0.5M NaCl with 1 Hour, 2 Hour, and 4 HourMixing Times
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Figure 20: Comparison Between 21g CMC Solutions with 0.0 and
0.5M NaCl with 1 Hour, 2 Hour, and 4 HourMixing Times
(Heller/Ross)
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established, there is no benefit or hindrance for exceeding the
minimum mixing time. More concentrated solutions of CMC may
require more research into what is the optimal mixing time. The
discrepancies in the 15g and 21g solutions might not be completely
due to inadequate mixing times. The problem might lie in the
measurement of the
solutions'
viscosity. This will be explored further
in the next section.
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D. VISCOSITY ASSESSMENT
As observed in the previous section, we expected to see drastic
results in the 21 g CMC solutions as a result of the increase in mixing
time. To a certain extent, an increase in mixing time resulted in a
decrease in viscosity; however, the 95% confidence interval for these
solutions was still very large. This made it difficult to compare one
solution to another. The results expected for the 15g solutions were
also different from expected. As a result of these discrepancies, the
thought arose that the assessment of these solutions might be
inappropriate.
Viscosity measurements were recorded at the four minute mark
for each of these solutions. Earlier research in the lab indicated that
the viscosity after four minutes was close to the average viscosity over
a time span of 90 minutes. The measuring device for the earlier
research was not the UL adapter, but rather a t-bar spindle. For the 9g
solutions, four minutes was very adequate; however, four minutes is
not enough time for the 21g solutions and it would appear that it may
not be enough time for the 15g solutions.
Figures 21a and 22a compare all the 21g CMC solutions made
for the Heller and Heller/Ross mixers respectively. These represent
viscosity measurements recorded after 4 minutes at 0.5 RPM. One
can appreciate that there are consistent trends. In fact, the solutions
don't appear to follow trends well established by other solutions (i.e.
solutions without salt exhibit higher viscosities than solutions with
salt). Figures 21b and 22b represent the same solutions except, the
viscosity measurements were taken in a different way. In these
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Figure 21a: Comparison Between 21g CMC solutions with 0.0 and 0.5M
NaCl for Viscosity Measurements Taken after 4 minutes at 0.5 RPM (Heller
Mixer)
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Figure 21b: Comparison Between 21g CMC Solutions with 0.0 and 0.5M NaCl
for Viscosity Measurements Taken after 4 minutes at 0J RPM followed by 4
minutes at 5 RPM and 2 more minutes at 0.5 RPM (HellerMixer)
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SOLUTON Figure 21c: Comparison Between 21g CMC Solutions at
Different Viscosity Measuring Conditions (HellerMixer)
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Figure 22a: Comparison Between 21g CMC Solutions with 0.0 and 0.5M
NaCl for Viscosity Measurements Taken after 4Minutes at 0.5 RPM
(HellerMixer)
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Figure 22b: Comparison Between 21g CMC Solutions with 0.0 and 0.5M NaCl
forViscosity Measurements Taken after 4 Minutes at 0.5 RPM Followed by 4
Minutes at 5 RPM and 2 More Minutes a 0J RPM (Heller/Ross)
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solutions, the viscosity reading was taken after a total of 10 minutes.
Now the viscosity values are much lower than they were after just 4
minutes. Also, for the most part, the viscosity of the solutions with
extended mixing times is lower than the solutions mixed for only 1
hour. The error associated with each average relative viscosity has
also decreased substantially.
It is interesting to note that the 2 hour mixing times have lower
average viscosities than the four hour mixing times. This behavior
was seen in the 15g solutions as well. This leads to the question, what
is the optimal relaxation time necessary to obtain a viscosity
minimum? Recalling that these solutions are thixotropic, one expects
a decrease in viscosity over time at a constant shear rate. The
recorded viscosity after 4 minutes, while incurring a large standard
deviation over the data range, is still correct. At some point, a given
solution produced all the viscosities that were recorded. This however,
does not lend any insight as to whether a solution is stable or not.
Therefore, the need to find the optimal relaxation time or condition
exists. With thixotropic solutions, one hopes to compare viscosity
values that correspond to the viscosity minimum.
Variances in the viscosity for the 21 g solutions at the modified
measuring parameters suggest that the changes in the measuring of the
viscosity were not enough to produce the viscosity minimum. This
data does suggest that it is possible to attain self consistent results for
the higher concentration solutions and that these solutions are
relatively stable.
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E. EFFECT OF IMPELLERS
With the mixers that were used in this research, there was the
opportunity to change the impeller on the Heller mixer or change the
shear ring on the Ross mixer or change both. It was decided to keep
the fine emulsion screen on the stator head of the Ross because it
provided the most shear. The purpose of using the Ross mixer after
the Heller was to help promote the maximum degree of
disaggregation.
As mentioned in the theory section, three different impellers
were used. Each impeller was different in design and we hoped to see
a difference in the solution viscosities. Impeller A is the largest, and
one would expect it to impart the greatest amount of shear work, with
impellers B and C each imparting less respectively. The effects of
impeller C, with respect to impellers A and B will be examined first.
Figures 23 and 24 compare 9g CMC solutions without salt using
different impellers for the Heller mixer and the Heller/Ross
combination respectively. Regardless of mixing system used,
impeller B exhibits the lowest average viscosity, followed by impeller
C then A. The viscosities for the Heller solutions are consistently
higher than for the Heller/Ross solutions. The 9H0.0 solution is very
similar to the 9HR0.0 solution, with overlap of their confidence
intervals. The solutions made with impellers A and C do not exhibit
this, meaning that these solutions benefit more from the dual mixer
process.
Due to its design, one would expect impeller A to impart the
greatest amount of shear work. As a result, it was expected that
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Figure 23: Comparison Between 9g CMC Solutions at 0.0M NaCl
for Impellers B, A, and C. (HellerMixer)
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Figure 24: Comparsion Between 9g CMC Solutions with
0.0M NaCl for Impellers, B, A, and C (Heller/Ross)
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solutions made with impeller A would have a lower average viscosity
than any of the other solutions. The fact that the solutions without salt
made with impeller B have the lowest viscosity can be explained in
terms of flow mixing. Impeller B, while fairly small and simple in
design provided the maximum axial flow in the solution. This is due
to the blade differential of the impellers. This differential, helps to
"lift"
the solution, forcing axial flow. Impeller A, while providing a
large amount of radial flow, due to its diameter relative to the
diameter of the mixing vessel, did not provide as much axial flow.
Impeller C provided almost no axial flow and almost no shear. It
would appear that not only is the amount of shear work imparted by
the impeller important, but it is as important to use an impeller that
will provide maximum axial flow in the solution as well. It would
appear to be the combination of radial and axial flow that promotes
the best initial dispersion. The fact that the average viscosity for
impeller C is lower than that for A is most likely due to the fact that
not all the polymer was in solution after the allotted mixing time.
Solutions were also made using both mixing systems and 0.5M
NaCl for 9g and 15g CMC and 2.5M NaCl for 9g CMC using
impellers A and C. After the 1 hour mixing time, the solutions made
with impeller C had opaque swollen spheres of CMC still present. As
a result, these solutions were discarded because the inhomogeneity
was visibly apparent. This does not mean that the other solutions
were homogenous because CMC couldn't be seen.
Figures 25 and 26 compare impeller A to impeller B for 9g
CMC at 0.0, 0.5, and 2.5M NaCl for both mixing systems. As seen in
the previous figures, impeller A exhibits a higher average relative
64
Figure 25: Comparsion Between 9g CMC Solutions fo 0.0,
0.5, and 2.5M NaCl for Impellers A and B (Heller)
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Figure 26: Comparsion Between 9g CMC Solutions of 0.0,
0.5, and 2.5M NaCl for Impellers A and B (Heller/Ross)
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viscosity for the solutions without salt. For the Heller mixer, there
appears to be very little difference between impellers A and B for the
salt solutions. In both cases, the 2.5M NaCl solutions has a lower
relative viscosity. At a given salt concentration, the solutions are the
same regardless of impeller used. The same results were not observed
for the Heller/Ross mixing combination.
Using the dual mixing system, the salt solutions mixed with
impeller A are lower than their impeller B counterparts and there is no
overlap of the standard deviations. The difference between the
relative average viscosities for these solutions is fairly small (10 cP)
and so they can be treated as behaving the same. Once again, the
solutions made with impeller A benefited more by using the dual
mixing system. These same trends were observed with the 15g CMC
solutions as well (Figures 27 and 28).
Like the 9g solutions, the no salt solutions made with impeller
A exhibit a higher average relative viscosity than the same solutions
made with impeller B. Also, the 0.5M NaCl solutions for impeller A
are lower than the impeller B counterparts. For the 15g solutions with
salt, there is a confidence limit overlap between the ones made with
impeller A and those made with B. With the 15g CMC salt solutions,
there doesn't appear to be a difference between which mixing system
was used with which impeller.
The purpose of this research was not to classify the mixers and
impellers used. It was clear, however, that impeller C was the least
effective of the impellers used. For the salt solutions, impellers A and
B exhibited similar results. If one considers the relative error of
reproducibility for impeller B (results section H), then one can
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Figure 27: Comparison Between 15g CMC Solutions with
0.0 and 0.5M NaCl for Impellers A and B (HellerMixer)
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Figure 28: Comparsion Between 15g CMC Solutions with
0.0 and 0.5M NaCl for Impellers A and B
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conclude that there is little difference between the impellers. We
expected to see a difference because of the large difference in their
geometries. It is also difficult to distinguish between the two
impellers because the salt was always added after 30 minutes of
mixing. As shown in results section G, the time of salt addition to the
mixing vessel greatly affects the solution. For the solutions without
salt, impeller B proved to be more effective. This is most likely due
to the better axial flow imparted by impeller B. Impeller A may have
more regions of shear thinning, particularly along the interior wall of
the mixing vessel, but it could also have more stagnant areas in the
solution due to the openness of the impeller (Figure 5a).
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F. EFFECT OF NaCl CONCENTRATION
There is no question that the presence of salt in CMC solutions
greatly affects the viscosity1. Initially, the data was compared using
its measured viscosity data. The effect of salt appeared to be that an
increase in salt concentration led to an increase in solution viscosity.
It also appeared that there was little difference between 0.5M and
2.5M salt solutions. Taking into account the viscosity of the solvent
and comparing viscosities in terms of relative values proved the
opposite; that is, 0.5M solutions had a higher average viscosity than
2.5M solutions and there is a distinct difference between the solutions.
There was a large difference between having no salt in the solution
and having 0.5M NaCl. A series of solutions was then made keeping
the mass of CMC constant as well as the mixing system, changing
only the concentration of NaCl. Figure 29 shows the results of this
study.
Perhaps one of the most interesting observations is how little
salt it actually takes to cause an initial change in viscosity. The first
difference is going from no salt to 0.001M NaCl. There is a moderate
decline from 0.001M to 0.0 1M NaCl then a drastic decrease between
0.01M and 0.05M. From 0.05M to 2.5M there is a more subtle
decrease with a sigmoidal shaped curve. It is also interesting that
there is very little difference between 0.1M and 1.5M NaCl solutions
(Figure 30). In this region, there is a large range of salt concentrations
that can be used without affecting the viscosity. While the 2.0 and
2.5M NaCl solutions appear to have a lower average viscosity than
those NaCl solutions in the range of 0.1-1 .0M, it is difficult to say if it
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Figure 30: Effect ofNaCl Concentration on 9g CMC Solutions Mixed
for 1 Hourwith the Heller/Ross Combination (0.1-2.5M NaCl)
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is a true decrease as a result of increased salt concentration. The
relative error of reproducing the Heller/Ross solutions is
approximately 7.6% (results section H). As a result, these solutions
could be the same as the others, implying that above a NaCl
concentration of 0.1M, the solutions behave the same. Any salt used
in these solutions was added after 30 minutes of mixing time, as
shown in the next section, the time of the salt addition to the mixture
can be crucial to the final solution.
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G. EFFECT OF TIME OF SALT ADDITION
After examining the effect of mixing time on solutions and
knowing that the presence of salt has an effect, we decided to
investigate the effects, if any, on the time of salt addition to the CMC
solution. For the majority of the solutions, the salt was added after a
half hour of mixing, this was true regardless of total mixing time.
Figure 31 compares solutions in which salt was added after one half
hour, one hour, two hours, and three hours.
As expected, the solution with the earliest salt addition has the
highest viscosity. This is a result of the salt preventing complete
swelling of the polymer. The interesting result is that the solution
with salt added after one hour has the lowest viscosity. There is no
overlap between its confidence interval and those with the salt added
at the 2 hour and 3 hour mark; however, there was a slight overlap
between the standard deviations of all three solutions. The relative
error in reproducing the Heller solutions is approximately 4.3%
(results section H). This error also accounts for the difference in the
average relative viscosities for salt added after 1, 2, and 3 hours. For
the 9H0.5-4(1) solution, it could also be possible that the fluid
dynamics change such that the polymer balls uncoil or swell to a
maximum in the presence of constant shear, overextending
themselves, and then recoil into a more relaxed position for the
duration of the mixing time. This would help to explain some of the
behavior observed in the extended mixing study with the 15g
solutions (see results section C).
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Figure 3 1 : Effect ofTime ofAddition ofNaCl
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The most important observation is not the difference between
the solutions in which salt was added after 1 hour or more, but
between the 9H0.5-4(0.5) and 9H0.5-4(1) solutions. This implies that
for the 9g solutions, a minimum mixing time greater than 30 minutes
is necessary before the addition of salt to achieve the maximum
degree of disaggregation. The data also implies that salt added after
extended mixing times of 2 and 3 hours has the same effect as salt
added after 1 hour. This parallels the results seen in results section B,
where as long as a minimum mixing time is achieved, there seems to
be little effect in extending the mixing beyond that point.
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H. REPRODUCIBILITY IN CMC SOLUTIONS
In order to fully assess the mixing processes used, it was
necessary to do reproducibility studies. Four different solutions were
made at least three times each. The solutions chosen use both
predominant mixing systems (Heller and Heller/Ross) and have
varying salt and CMC concentrations.
The first solution series examined was 5H0.5 (Figure 32). The
first solution was made approximately six months before the second
and third. The first and third solution are almost identical to each
other. The second solution has an average relative viscosity that is
higher than the other two, but there is enough of a confidence interval
overlap to say that the solutions are equivalent. The relative percent
error for these solutions is 4.95%.
The next solution series examined was 9H0.0 (Figure 33). All
three of these solutions were made on the same day. The second and
third solutions are very close to each other, with the first solution
being slightly higher. Again, there is enough of a confidence interval
overlap to say that these solutions are equivalent. The relative percent
error for these solutions is 3.43%
The third solution series examined was 9HR2.5 (Figure 34).
The first solution was made approximately 8 months before the
second and third, both of these were made on the same day. The
second and third solution are consistent with each other; however,
they are not close to the first solution (or any other 9g solution) at all.
The fourth and fifth solution are very similar to the first; however, the
fourth solution is a little lower than expected. As a result, the two
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Figure 32: Reproducibility of 5H0.5 Solutions
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Figure 33: Reproducibility in 9H0.0 Solutions
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Figure 34: Reproducibility data for 9HR2.5 Solutions
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lowest solutions cannot be removed from the data series, producing a
relative percent error of 7.53%.
The last solution series examined was 15HR0.5 (Figure 35).
Again the first solution was made months prior to the last two. In this
series, the second and third solutions are almost identical, yet they are
much greater than the first. The fourth solution is almost identical to
the first. This large discrepancy in the data resulted in a relative
percent error of 7.76%.
The overall average relative percent error for the four sets of
solutions is 5.9%. The Heller/Ross solutions exhibited consistently
higher relative percent errors than the Heller solutions. This lack of
precision in the Heller/Ross solutions is most likely due to the Ross
mixer. With the Ross mixer, it is very difficult to mix at self-
consistent RPM's because the RPM control is a qualitative dial. The
Heller mixing control is digital and the RPM's can be controlled to +/-
1 RPM.
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Figure 35: Reproducibility Data for 15HR0.5 Solutions
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I. TRENDS IN POLYMER BEHAVIOR
Early in this research, it was noticed that CMC solutions
followed certain trends. For example, there seemed to be distinct
relationship between mass of CMC and viscosity: if the mass of the
CMC was increased by x grams, the viscosity would increase by a
multiplicative factor of x. The polymer behaved this way regardless
of mixing system used. In dealing with the relative viscosity, it is
necessary to separate solutions based on their salt concentration.
Figure 36 represents polymer curves for all three mixing
systems at 0.5M NaCl. One can see that there is no difference in the
curve shape, only slight variances in relative viscosity at the 15g level.
Figure 37 represents polymer curves for all three mixing systems at
2.5M NaCl. Again, the curves are almost identical. There is however,
some slight variance in the Heller curve, due to a high 12g value.
Comparison between the two salt concentrations also yields a high
correlation. Since the polymer exhibits self consistent behavior, it is
possible to use the modified Einstein Equation (Equation 6) and
attempt to define A and B for CMC in salt solutions. Recall that A
describes how spherical the polymer is, or how asymmetrical, and B is
a proportionality constant between the volume fraction of the polymer
and the polymer concentration.
An attempt was made to determine these constants using the
equation, but the equation was not sufficient to describe the behavior
observed. This is largely due to the fact that the polymer is not
spherical. The polymer is more like a sticky ball with chains
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Figure 36: Relationship Between Concentration ofCMC and Relative
Viscosity for 0.5M NaCl Solutions
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Figure 37: Relationship Between Concentration ofCMC and
Relative Viscosity for 2.5M NaCl Solutions
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protruding from it and it is highly asymmetrical. The chains
protruding from the ball are not of equal length.
Previous work suggested that the relationship of the
concentration of the polymer to the relative viscosity was actually
linear12. In this model, low concentrations (1-5 g CMC/L) of CMC
represented one linear portion and high concentrations (6-8 g CMC/L)
were another linear portion. This was initially thought in this project
as well when just the 5g-9g solutions were examined. Addition of the
15g solution to the series proved that the relationship is indeed non
linear. The ideal form of this curve based, on the Einstein viscosity
equation (Equation 5), substantiates the claim that CMC follows this
model for polymers in solution.
Figure 38 is an idealized curve of the Einstein Equation with O
values ranging from 0.75-0.95. Phi can range from 0.0-1.0, but the
values of phi selected most closely represent the actual data for CMC.
This range of > implies that at even low concentrations of CMC, 80%
of the solution volume is occupied by the polymer with 95% of the
solution being occupied at moderate (15g) concentrations of CMC.
Of course the ideal curve assumes that the polymer is completely
symmetrical. As a result, a direct correlation cannot be made
between a concentration of CMC and <X>. This ideal curve is an
excellent correlation for the overall trends observed in the 0.5M NaCl
and 2.5M NaCl solution series. The behavior of CMC in a series,
based on concentration of CMC versus relative viscosity, seems to be
more of a function of polymer concentration than concentration of
salt.
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Figure 38: Ideal Einstein Equation for 0 Between 0.75 and 0.95
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While this method does not give us the exact fitting constants
for the CMC behavior we observed, it does give us a guideline. Using
this information one could predict the expected viscosity for a CMC
solution of x grams at a given salt concentration. As discussed in
section F, CMC solutions with concentrations of NaCl ranging from
0.1 to 1.5M behave in the same manner; therefore, the polymer
behavior curve for the 0.5M solutions would be a valid guideline for
making a CMC solution with a concentration of NaCl in that range.
The 2.5M polymer behavior curve could be used with salt
concentrations greater than 1.5M, but less than 2.5M. For low salt
concentrations (less than 0.05), a new curve would be needed, because
as the concentration of salt decreases, the solution behaves more like a
solution without salt. These curves could be used with some accuracy
for CMC concentrations less than 5g/L. For CMC solutions with
more than 15g/L, more research needs to done on the relaxation of the
polymer (results section D) before a valid estimate could be made.
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V. CONCLUSION
This research has explored how mixing affects stability of CMC
solutions at varying concentrations of CMC and NaCl. The project
has also explored some tangential issues with important consequences.
It was concluded that autoclaving causes no changes to the
polymer. It serves to promote the equilibrium of the solution and does
so without masking any of the mixing effects that were examined.
The Heller/Ross mixing combination proved to be the most
effective overall. This is a result of good polymer dispersion by the
flow mixer (Heller) followed by high shear mixing (Ross) to achieve
homogeneity. The use of a predominantly flow system (Heller) was
almost as effective, but there were some problems. Namely, stagnant
mixing areas in the vessel and the folding in of the salt. The
combination mixing system was the most effective in the solutions in
which salt was present. On an industrial scale, these problems would
only be intensified.
In most of the solutions, extending the mixing time did not
make a difference. This means that as long as a minimum mixing
time is established, any time beyond that will neither help nor hinder
the solution. Industrially, this may not be the case depending on the
mixing equipment used. Further research in this area could involve
the examination of proportion of mixing time occupied by a given
mixer. This project only examined a 50/50 ratio, where each mixer in
the combination system had equal mixing time. It is possible that
optimal mixing could involve the first mixer using 75% of the
available mixing time and the second mixer using 25%. The opposite
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could also be true. In a total mixing time of 1 hour, this might not
have much relevance, but in the extended mixing times, it could be
more important. Further research could also be done in looking at
different extended times, 1.5, 2.5, and 3.0 hours, for example. The
15g solutions, with and without salt, mixed for 2 hours consistently
had the lowest average relative viscosity. Using this mass of CMC
but using different mixing times at times bracketing 2 hours, might
shed further understanding on this viscosity depression.Another key
factor in assessing the mixing conditions is utilizing the optimal
viscosity measuring conditions. This project has shown that it is very
important to make sure that the viscosity measurement is the viscosity
minimum for the solution in the presence of shear. Very little is
known about the relaxation time of the polymer in general, let alone in
the presence of various shear rates at various times. More research
done in this area would be universally beneficial.
This research has also shown that the type of impeller used can
be critical to the solution. The ideal impeller is one that maximizes
radial and axial flow while minimizing, or eliminating, "dead
zones"
in the mixing vessel. This project showed that impeller B, while not
being an optimal impeller, had the best overall results. It is important
to note that the impellers available to us for the Heller are not
commonly used industrially. While the goal of this project was not to
classify the impellers used, the results would be more universal if
more common impellers were used. The important factor is that
impellers can make a difference. While impellers A and C were not
appropriate for this project, their style could be very effective in
another mixing capacity. Further work in this area would be to
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examine the effects of commonly used impellers on CMC and to
slightly scale up the mixing.
Some of the side studies involved examining the different
effects of salt. Namely, the effect of varying concentrations of CMC
and the effect of the time of addition of salt to the mixing process. It
was shown that even a small amount of NaCl added to the CMC
solution caused an initial appreciable decrease in viscosity. It was
also shown that within a NaCl range of 0.1M-1.5M, there is no
appreciable effect on the viscosity. Due to the relative percent error of
reproducibility, it could be that there is very little effect on solution
viscosity for solutions with NaCl concentrations ranging from 0.1-
2.5M. Further studies could examine the effects, if any, of NaCl
concentrations higher than 2.5M.
There also was a difference between the solution that had salt
added after 30 minutes and the three solutions that had salt added after
1, 2, and 3 hours. There was no difference observed in the latter three
solutions, but there was a large difference seen between the 30 minute
addition and the 1 hour addition. This implies that after 1 hour of
mixing, using the conditions described, the polymer is equally
affected by the salt as it would be after 3 hours of mixing meaning
that for 9g solutions the polymer has achieved a maximum degree of
disaggregation under the prescribed conditions. Further research
would involve examining the effect of adding salt after mixing for 45
minutes, the effects of time of salt addition for CMC solutions with a
higher and lower concentrations of CMC than 9g and to re-do most of
the solutions examined in this project, making a mixing time of at
least two hours and addition of salt after at least one hour of mixing
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the standard conditions. Doing this, would further explain the trends
in the effects of concentration ofNaCl on the solutions. It might also
provide more reproducible data in all the other areas.
The results of this project verified that CMC behaves according
the Einstein viscosity theory for polymers in solution. This finding is
preliminary and future research would need to be done to find the
exact fitting constants. In making the comparison between the data in
this project to the idealized curve, the assumption was made that A,
the assessment of asymmetry of the polymer, is equal to 0.5. Further
research could be more conclusive as to what A and B are for 7HOF
CMC.
Finally, it was shown that these solutions can be reproduced
with a fair degree of precision, especially for the Heller mixer.
Solutions made with the mixing combination were initially
reproduced without much precision, exhibiting an average relative
percent error of approximately 7.6%.
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Appendix I: Comprehensive List ofAll CMC Solutions Made
1 2 3 4 5 6 7
solution MASS OF CMC (g) [NaCl] MIXER IMPELLER MIXING TIME COMMENTS
5R0.5 5 0.5 ROSS N/A 1 hour
5R2.5 S 2.5 ROSS N/A 1hour
7R0.5 7 0.5 ROSS N/A 1hour
7R2.5 7 2.5 ROSS N/A 1hour
9RO.0 0 0 ROSS N/A 1hour
9R0.5 0 0.5 ROSS N/A 1hour
9R2.5 9 2.5 ROSS N/A ihour
12R0.5 12 0.5 ROSS N/A 1hour
12R2.5 12 2.5 ROSS N/A Ihour
15R0.5 15 0.5 ROSS N/A Ihour
15R2.5 15 2.5 ROSS N/A Ihour
5H0.5 5 0.5 HELLER B 1 hour
5H2.5 5 2.5 HELLER B 1 hour
7H0.5 7 0.5 HELLB3 B 1 hour
7H2.5 7 2.5 HELLER B 1 hour
9H0.0 9 0 HELLER B 1 hour
9H0.5 9 0.5 HELLER B 1 hour
9H2.5 9 2.5 HELLER B 1 hour
12H0.5 12 0.5 HELLER B 1 hour
12H2.5 12 2.5 HELLER B 1 hour
15H0.0 15 0 HELLER B 1 hour
15H0.5 15 0.5 HELLER B 1 hour
15H2.5 15 2.5 HELLER B 1 hour
18H0.5 18 0.5 HELLER B 1 hour
1BH2.5 18 2.5 HELLER B 1 hour
21H0.5 21 0 HELLER B 1 hour
21H0.5 21 0.5 HEUER B 1 hour
5HR0.5 5 0.5 HELLER-OSS B 1 hour
5HR2.5 5 2.5 HELLER-OSS B 1 hour
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. . 3 4 5 6 7
SOLUTION MASS OF CMC (g) (NaCl] MIXER IMPELLER MIXING TIME COMMENTS
7HR0.5 7 0.5 HaLEWROS5 a 1 hour
7HR2.5 . 7 2.5 HELLER-OSS B 1 hour
9HR0.0 9 0 HELLER/ROSS B 1 hour
9HR0.001 9 0.001 HELLER-OSS B 1 hour
9HR0.005 9 0.005 HELLER-OSS B 1 hour
9HR0.01 9 0.01 HELLEWROSS B 1 hour
9HR0.05 9 0.05 HELLER/ROSS B 1 hour
9HR0.1 9 0.1 HELLER-OSS B 1 hour
9HR0.2 9 0.2 HELLEFVROSS 8 1 hour
9HR0.3 9 0.3 HELLER'ROSS B 1 hour
9HR0.4 0.4 HELLER-OSS B 1 hour
9HR0.5 9 0.5 HELLER-OSS B 1 hour
9HR1.0 9 1 HELLER-OSS B 1 hour
9HR1.5 9 1.5 HELLER-OSS B 1 hour
9HR2.0 9 2 HELLER-OSS B 1 hour
9HR2.5 9 2.5 HELLER-OS! B 1 hour
12HR0.5 12 0.5 HELLER-OSS B 1 hour
12HR2.5 12 2.5 HELLER-OSS B 1 hour
15HR0.0 15 0 HELLER-OSS B 1 hour
15HR0.5 15 0.5 HELLER-OSS B 1 hour
15HR2.5 15 2.5 HELLER-OSS B 1 hour
18HR0.5 18 0.5 HELLER-OSS B 1 hour
21HR0.0 21 0 HELLER-OSS B 1 hour
21HR0.5 21 0.5 HELLER-OSS B 1 hour
21HR2.5 21 2.5 HELLER-OSS B 1 hour
9H'0.0 9 0 HELLER A 1 hour
9H'0.5 9 0.5 HELLER A 1 hour
9H'2.5 9 2.5 HEU-EFI A 1 hour
15H'0.0 15 0 HELLER A 1 hour
15H'0.5 15 0.5 HBLLER A 1 hour
9HR'0.0 9 0 HELLER-OSS A 1 hour
9HR'0.5 9 0.5 HELLER-OSS A 1 hour
9HR'2.5 9 2.5 HELLER-OSS A 1 hour
15HR'0.0 15 0 HELLEWROSS A 1 hour
15HR'0.5 15 0.5 HELLER-OSS A 1 hour
9H"0.0 9 0 HELLER C 1 hour
9H"0.5 9 0.5 HELLER C 1 hour
9H"2.5 9 2.5 HELLER C 1 hour
15H"0.0 15 0 HELLER C 1 hour
15H"0.5 15 0.5 HELLER c 1 hour
9HR"0.0 9 0 HELLER-OSS c 1 hour
9HR"0.5 9 0.5 HELLER-OSS c 1 hour
9HR"2.5 9 2.5 HELLER-OSS C 1 hour
15HR"0.0 15 0 HELLER-OSS c 1 hour
15HR"0.5 15 0.5 HELLER-OSS c 1 hour
9H0.0-2 9 0 HELLER B 2 hours
9H0.5-2 9 0.5 HELLER B 2 hours
9H2.5-2 9 2.5 HELLER B 2 hours
15H0.0-2 15 0 HELLER B 2 hours
15H2.5-2 15 0.5 HELLER B 2 hours
21H0.0-2 21 0 HELLER B 2 hours
21H0.5-2 21 0.5 HELLER B 2 hours
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1 2 3 4 5 6 7
SOLUTION MASS Of CMC (g) [NaCl] MIXER IMPELLER MIXING TIME COMMENTS
9HR0.O-2 9 0 HELLER-OSS B 2 hours
9HR0.5-2 9 0.5 HELLER-OSS B 2 hours
9HR2.5-2 9 2.5 HELLER-OS! B 2 hours
15HR0.0-2 15 0 HELLER-OSS B 2 hours
15HR0.5-2 15 0.5 HELLER-OSS B 2 hours
21HR0.0-2 21 0 HELLER-OSS B 2 hours
21HR0.5-2 21 0.5 HELLER/ROS! B 2 hours
9H0.0-4 9 0 HELLER B 4 hours
9H0.5-4 9 0.5 HELLER B 4 hours
9H2.5-4 9 2.5 HRim B 4 hours
15H0.0-4 15 0 HELLER B 4 hours
15H0.5-4 15 0.5 HELLER B 4 hours
21H0.0-4 21 0 HELLER B 4 hours
21H0.5-4 21 0.5 HELLER B 4 hours
9HR0.0-4 9 0 HELLER-OS! B 4 hours ^
9HR0.5-4 9 0.5 HELLER-OS! B 4 hours
9HR2.5-4 9 2.5 HaLER-OSS B 4 hours
15HR0.0-4 15 0 HELLER-OS! B 4 hours
15HR0.5-4 15 0.5 HELLER-OS! B 4 hours
21HR0.0-4 21 0 HELLER-OS! B 4 hours
21HR0.5-4 21 0.5 HELLER-OSS B 4 hours
9H0.0-NA 9 0 HELLER B 1 hour NOT AUTOCLAVED
9H0.5-NA 9 0.5 HELLER B 1 hour NOT AUTOCLAVED
9HR0.5-NA 9 0.5 HELLER-OS! B 1 hour NOT AUTOCLAVED
9HR2.5-NA 9 2.5 HaLER-OS! B 1 hour NOT AUTOCLAVED
5H0.5-X 5 0.5 HELLER B 1 hour Reproducibility Study
5H0.5-XX 5 0.5 HELLER B 1 hour Reproducibility Study
9H0.0-X 9 0 HELLER B 1 hour Reproducibility Study
9H0.O-XX 9 0 HELLER B 1 hour Reproducibility Study
9HR2.5-X 9 2.5 HIELLER-OS! B 1 hour Reproducibility Study
9HR2.5-XX 9 2.5 HELLER-OSS B 1 hour Reproducibility Study
9HR2.5-XXX 9 2.5 HELLER-OSS B 1 hour Reproducibility Study
9HR2.5-XXX) 9 2.5 HELLER>ROSS B 1 hour Reproducibility Study
15HR0.5-X 15 0.5 HELLER-OS! B 1 hour Reproducibility Study
15HR0.5-XX 15 0.5 HELLER-OSS B 1 hour Reproducibility Study
15HR0.5-XX) 15 0.5 HELLER-OS! B 1 hour Reproducibility Study
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Appendix II: Comprehensive List of Physical Data for All CMC
Solutions Made, Including ExactMasses Used, pH Values, and
Temperature Data.
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